Abstract-The performance of HTS devices is strongly influenced by local values of the current and field distributions. In this paper, we investigate the influence of the magnetic field and the geometrical configuration on the loss behavior of a 200 kVA FCL prototype, composed by Bi-2223/Ag tapes wound around a cylindrical support. The investigation is performed by means of finite element computations, with the use of an axisymmetric 2D A-V formulation for taking into account the cylindrical geometry. The electrical behavior of the superconductor is described by means of a B-dependent E-J power-law relation, derived from experimental measurements with a field of different orientation. Several geometrical configurations are analyzed and compared, in order to find the ones with the lowest AC loss.
I. INTRODUCTION

F
AULT CURRENT-LIMITERS (FCL) are one of the most promising applications for exploiting the properties of high-superconductors (HTS). Since they operate at subcritical current for most of the time, it is very important that they have a reduced AC power dissipation in such nominal conditions, in addition to a very good performance in the limiting phase [1] . The current limitation of a resistive FCL is based on the quench of the HTS when the current exceeds its critical current. This results in an abrupt increase of its electrical resistance and thereby automatically limiting peak short-circuit currents. There are many locations in transmission and distribution grids where FCL can offer technical and economical benefits [2] . Eventually, depending on the specific application, different designs and HTS conductors can be considered [3] .
In the framework of an Italian R&D project, we are developing a 200 kVA 3-phase FCL prototype, by using commercially available HTS tapes. In principle, a single-phase FCL consists of a cylindrical insulated support, around which one or more layers of superconducting tape are wound, in a manner to have a large surface in contact with the liquid cryogen bath. It is necessary to dissipate the large amount of power during the limiting phase. Tapes produced by American Superconductor Corporation (AMSC) [4] , with self-field critical current of 120 A at 77 K, have been used. In this paper, we have investigated the influence of the tape arrangement on the AC losses of the device. In particular, the influence of the winding gap between the tapes and the use of a bifilar winding have been studied. For this aim, we have utilized finite-element method (FEM) simulations, which allow precise computation of the current and field distribution, including the AC losses in the superconductor, and taking into account the local effects of the magnetic self-field [5] , [6] .
It should be noted that the developed method can be applied for investigating devices other than FCL, such as superconducting transformers and magnets, where the local distribution of the magnetic field and the arrangement of the conductors play an important role.
II. FINITE ELEMENT MODEL FOR HTS CONDUCTORS
In order to calculate the current and field distribution inside superconductors, we have used the FEM software package FLUX [7] . Due to the intended cylindrical geometry, a 2D axisymmetric model was used. This means that only a cross-section of the geometry in the longitudinal direction was considered. The 2D FEM model of HTS used the magnetic vector potential and the electric potential as state variables. Details can be found in [6] . The HTS is described by means of a nonlinear power-law relation . The critical electric field was , where the parameters and depend on the local magnetic field experienced by the HTS material. The metallic sheath is described by a constant conductivity of , a typical value for silver at 77 K. The magnetic field dependence of and has been measured from current-voltage characteristics at 77 K, with applied magnetic fields up to 0.45 T, having varying orientation with respect to the tape surface. The decrease of the critical current as a function of the field orientation (parallel and perpendicular to the tape surface) is shown in Fig. 1 . The field dependence of the power index has a similar shape. This figure shows that for fields lower than 0.1 T the parallel component does not affect the critical current of the tape. In addition, as confirmed by FEM simulations, in our device the magnetic field inside the superconductor never exceeds 0.1 T. Therefore, instead of fitting the data in the entire range of magnetic field with a quite complex mathematical expression, we have preferred to use a simple one, valid in the field range of interest. In this way, and models dependent only on the perpendicular component of the field can be used.
From the fitting of the experimental measurements in the range between zero and 0.1 T, we have derived the following and models [8] :
where and are HTS material characteristics in the absence of any magnetic field (self or external), is the absolute value of the perpendicular magnetic field component (in T), and is a normalizing constant of 1 T, formally needed to obtain dimensionless exponents. The parameter is higher than the value obtained by dividing the self-field critical current by the HTS cross-section [9] .
III. AC LOSSES OF TAPES: MEASUREMENTS AND SIMULATIONS
In order to verify the FEM calculations, we compared computed and measured AC losses on 10 cm straight samples. The FEM geometry has been drawn by starting from a picture of typical cross-section of BSCCO multifilamentary tapes of this kind. Since the HTS filaments are tightly packed, we simulated a mono-filamentary tape with an elliptical cross-section, maintaining the same aspect ratio of the HTS area and the distance from the edge as in the real tape. Both are important factors that influence the self-field AC losses in mono-filamentary conductors.
The losses have been measured at 59 Hz by a standard electrical characterization technique (see for example [10] ), both with two voltage taps soldered onto the tape and by means of a contactless rectangular loop positioned beneath the tape. Fig. 2 shows the measured losses as a function of the transport current, compared to the results of FEM simulations and to the prediction of Norris's analytical models [11] . The experimental AC losses fall close to the prediction for the ellipse. For FEM simulations, we have used a value of and a power index equal to 19. This value of produces an effective critical current of 118 A, which can be computed by integrating the local values of on the HTS cross-section [9] . The losses in the HTS were computed as follows: (3) where is the second simulated period (to avoid transient terms), is the frequency of the transport current (59 Hz) and is the HTS cross section. As it can be seen from Fig. 2 , the computed losses (full triangles) were close to the measured values.
IV. AC LOSS PREDICTION FOR FCL APPLICATIONS
A. Single Layer Configuration
The FCL will consist of a large number of turns around a cylindrical support. Due to the impossibility of simulating the whole geometry, we first determined how many turns had to be simulated in order to make a fair estimate of the behavior of the central part of the device. For a working condition, we chose an operating transport current of 80 at 59 Hz. We computed the AC losses for various numbers of turns (N),
. By increasing the number of turns, the central tapes are progressively shielded from the penetration of the perpendicular magnetic flux, and exhibit lower AC losses ( Fig. 3(a) ). The decrease of the losses of the central tape as a function of the number of simulated turns is shown in Fig. 3(b) : the losses of the central tape tend to become stable for a sufficiently large number of simulated turns. As a consequence we have chosen the central tape of the configuration with as a good approximation for describing the behavior of the central part of the FCL in the real situation. The behavior of the turns at the ends of the winding cannot be described with such an approximation, because it strongly depends on the number of turns; on the other hand, the difference between the central part and the ends disappears for bifilar configurations with current flowing in opposite directions, see Section IV-B.
We also studied AC loss dependence on the gap between the tapes at two current rates: 80 and 100 . The results are displayed in Fig. 3(c) for different values of the gap. Increasing the gap value from 0.05 mm to 1 mm resulted in a significant increase of the losses, about 50%. This is due to the penetration of the magnetic flux between the tapes, which results in a larger perpendicular component of the magnetic field acting on the superconductor, especially at the tape edges, where most of the current flows.
B. Two-Layer Configuration
The single-layer configuration considered so far has two main disadvantages: firstly, it makes the winding quite long ( per phase); secondly, it has large losses at the ends (see Fig. 3(a) ) due to the large perpendicular field component there. Therefore, it is interesting to investigate the possibility of eliminating this effect with a bifilar winding (see Fig. 3(d) ). This configuration reduces the perpendicular component of the field and allows a more compact device for the same quantity of HTS tape. These effects have been experimentally studied in [12] . Here, we evaluate quantitatively the reduction of the AC losses by means of FEM simulations.
The presence of the second layer leads to uniform losses in the different windings, avoiding the large increase of the losses near the two ends of the device (see the full circles in Fig. 3(a) ). Furthermore, the losses in the central tape were slightly smaller. At 80 the losses in the central part of the winding were reduced from to , at 100 from to , corresponding to 11% and 36% reductions. The second layer also caused deep changes in the shape of the internal current density distribution. Due to the magnetic coupling between the two layers, the current distribution in each tape is no longer fully symmetric, and most of the current tends to flow in the part of the tape closest to the adjacent tape (Fig. 4) .
C. Bundle Configuration
In order to attain a HTS device with higher current rates, one can use two opposite layers, but each of them composed by two (or more) HTS tapes in parallel (bundle), as indicated in Fig. 3(d) . The current evolution and the AC losses were studied for two different cases: 1) letting the total current free to distribute across the two tapes, 2) forcing the currents to be equal. With the FLUX software, the two cases are obtained by connecting the tapes of the bundle in parallel or in series in the electric circuit, respectively. As shown in Fig. 5(a) , in the parallel case, the current tends to flow as long as possible in the central tapes of the two bundles (tapes 2 and 3 in Fig. 3(d) ). This rapidly saturated them, leaving the other two tapes (1 and 4) scarcely utilized. This current distribution leads to nonsinusoidal current waveforms and to large AC losses in the saturated internal tapes as can be seen in Fig. 5(b) (black bars) .
When the current is equal in each tape, saturation is avoided, the current is sinusoidal, and the losses are consequently much smaller (Fig. 5(b), white bars) . Nevertheless, also in this case the losses of tapes 2 and 3 are higher than the ones of tapes 1 and 4, due to the fact that the inner layers experience a higher , which causes larger ohmic dissipation and hysteresis losses in the superconductor. The distribution of the magnetic field is shown in Fig. 6 .
V. SUMMARY AND CONCLUSIONS
In this work, finite element simulations have been used for computing the current and field distributions, and evaluating the AC losses in a superconducting fault-current-limiter during nominal operating conditions. The relation used in the simulations was derived from experimental measurements of the current-voltage characteristics in applied magnetic field with varying orientation. The finite-element model was tested by comparing the measured and computed self-field AC losses of short-tape samples. Finally, a cylindrical HTS winding of a FCL was modeled. The influence of different geometrical parameters and configurations on the total AC loss behavior was investigated.
We found that the distance between the HTS turns plays an important role, and the gap between the tapes must be reduced to at least 0.2 mm in order to minimize the magnetic flux penetration in between.
Bifilar windings were very effective for reducing the losses at the ends of the device and to make them uniform along the turns. The bifilar winding allows a more compact geometry, with less losses in the central part of the device.
Tape bundles in parallel connection do not distribute current evenly. Despite the large available superconducting section, the current is not equally shared between the tapes but, due to magnetic coupling, is forced to flow in the central tapes easily causing saturation phenomena with consequent increase of the AC losses. Practical solutions for avoiding such saturation phenomena by means of a more uniform current repartition between the tapes of the bundle have to be searched within manufacturing limits.
The FEM analysis is an effective tool to analyze the electromagnetic behavior of complex devices involving superconductors. Coupling the electromagnetic and thermal models is needed to predict overcritical current response. The choice of the mathematical formulation, the mesh grid, and the order and type of shape functions underlying the finite elements modeling are the key issues and the challenge for obtaining a reliable model.
